We present a possible pathway to a global, sustainable energy system by 2050. This new energy scenario follows a comprehensive examination to all aspects of energy use across the entire world and the possible means of supplying this energy from the sustainable sources we have available to us. It does so, from the perspective of actual, physical activities that require energy: our industrial processes, our cars, our buildings.
For each of these activities, the scenario asks the questions:
• What is the minimum amount of energy required to deliver these functions?
• How can we supply this energy in a sustainable way?
The key aspects of this new Energy Scenario are:
• It is an ambitious, but feasible pathway for all sectors; we can build an energy system by 2050 which sources 95% of its energy from sustainable sources. • This energy system will use only a small fraction of each of the sustainable energy sources, making this a robust scenario.
• We can progress towards a world that still sustains comfortable lifestyles, despite consumption patterns, demonstrating a more efficient use of energy and other resources, particularly in developed countries.
• Energy efficiency is the key requisite to meeting our future energy needs from sustainable sources.
Total energy demand in 2050 is lower than in 2000, despite the growth of population and energy services.
• Electricity is the energy carrier most readily available from sustainable energy sources and therefore, electrification is key.
• All bioenergy required, (primarily for residual fuel and heat demands) can be sourced sustainably, provided the appropriate management practices and policies are in place.
• The scenario's energy system will have large cost advantages over a business-as-usual system because the initial investments will be more than offset by savings made on energy costs, in later years.
The scenario is based on a comprehensive energy model, developed by Ecofys, to establish a scenario for future energy demand and supply worldwide. Unlike many world models, it is based on physical activity indicators and takes a comprehensive look at all aspects of energy demand and supply across all sectors.
Introduction
The last 200 years have witnessed a substantial increase in energy use by societies worldwide. In recent decades, it has become clear that the way this energy is supplied is unsustainable and now both, short-and long-term energy security, are at the top of the political and societal agenda.
Evidence suggests that we should be able to meet our energy demand from renewable sources, given their abundance: Worldwide energy use, in units of final energy (after conversion from primary fuels), was ~310 EJ in 2007 (~500 EJ in primary energy terms) [1] whereas technical potentials range from 100s to 1000s of EJ/a (see Fig. 3 ).
In an attempt to reconcile these figures, the energy scenario provides a comprehensive view of the energy system. It incorporates and examines all energy uses; all quantities, locations, carrier forms (e.g. electricity or fuel) and all purposes (heat in buildings or heat in industry)
This level of detail is (partially) captured in the various energy scenario models that are currently used to predict the most likely energy future for the world and the possible alternative scenarios. However, because cost-optimisation is often the driving algorithm, not many of the models have been used to push the share of renewable sources in the energy system to the highest technically possible levels. One of the few studies which has prioritised renewable sources, is the Energy [R]evolution published by Greenpeace. [2] Even this scenario however, falls short of reaching a fully sustainable energy system by mid-century.
The fundamental question that guided this study was:
"Is a fully sustainable global energy system possible by 2050?"
We find that an (almost) fully sustainable energy supply is technically and economically feasible, given ambitious, yet realistic growth rates of sustainable energy sources. The path to achieving this system deviates significantly from 'business as usual' and the difficult choices that must be made on the way are discussed in this article.
This article is a summary of three full-length publications. The reader is referred to the full publications.
[3]-[5]
Methodology
Energy demand is the product of:
• the volume of the activity requiring the energy (e.g. travel or industrial production), and • the energy intensity per unit of activity (e.g. energy used per volume of travel).
This energy scenario forecasts future global demand and supply by inherently following the paradigm of Trias Energetica:
1. Reducing energy demand to the minimum required to provide energy services 2. Providing energy by renewable, where possible, local, sources first 3. Providing remaining energy from 'traditional' energy sources as sustainably as possible.
The Trias Energetica approach was translated into this calculation logic: 1. Future energy demand scenario a. Future demand side activity was based on existing studies or projected from population and GDP growth. b. Future demand side energy intensity was forecasted assuming fastest possible roll-out of most efficient technologies. c. The resulting energy demand was aggregated by carrier (electricity, fuel, heat). 2. Future supply scenario a. The potential for supply of energy was estimated by energy carrier b. Demand and supply were balanced in each time period according to the following prioritisation: i. Renewables from sources other than biomass (electricity and local heat) ii. Biomass up to the sustainable potential iii. Traditional sources, such as fossil and nuclear which were used as 'last resort'.
Energy flows have been characterised by carrier type and differentiated into electricity, heat and fuels, consistent with the energy carriers reported in the IEA energy balances, to which this work is calibrated, with 2005 as the base year. [6] Unless stated otherwise, all energy in this publication is final energy.
Sector definitions
There are many different ways of analysing energy demand. We have chosen to distinguish between energy demand in industry, buildings and transport. (These sectors are congruent with the sectors for which the International Energy Agency (IEA) reports energy statistics, which form the basis of this work.) These three sectors, which cover ~85% of total energy use, were studied in detail. The remaining sectors, (including agriculture, fishing, mining etc.) are included in this study, but were not examined separately. Non-energy use of energy carriers was excluded from this analysis.
In the Industry sector, we distinguish between 'A' sectors, for which actual activity measures are available (Iron & steel, non-ferrous metals, non-metallic minerals, paper & pulp) and 'B' sectors, for which activity has to be based on proxy indicators, such as value added (Chemical & petrochemical, food & tobacco, all others).
Results -Part 1: Demand
For each of the sectors, we established an activity and energy intensity forecast, to arrive at a final demand projection for the period to 2050.
Activity
Activity forecasts were made as follows:
• Industry: Population and GDP forecasts were coupled with assumptions on the evolution of per capita production of industrial products.
• Buildings: Population and GDP forecasts were coupled with assumptions on the evolution of per capita residential and commercial building areas.
• Transport: Modal shifts, (from road and air to rail transport) are incorporated into an existing BAU transport scenario [7] . The overall evolution of activity is given in Fig. 1. 
Intensity
The most significant means of reducing energy demand is the efficient use of energy, i.e. the reduction of energy intensity to a minimum. We describe our approach to each sector's energy intensity below. 
Industry
Future energy intensity is projected based on key marker processes. We adopt a decrease in energy intensity, measured in energy per tonne produced for 'A' sectors [8] - [11] , and in energy per economic value for 'B' sectors.
'A' sectors
The energy intensity evolution was examined in detail for the four 'A' sectors, yielding, on average, a ~50% reduction in energy used, per tonne of material produced in 2050 against the 2000 figures. Although the individual technologies vary by sector, all sectors follow these common assumptions:
• Increased use of recovered input materials or alternative routes o i.e. recycling of steel, paper and aluminium and alternative input materials into the clinker process in cement production • Ambitious refurbishment of existing plants to meet performance benchmarks • Stringent requirements for using best available technology (BAT) in all new plants.
• Continuing improvements of BAT over time 'B' sectors For the 'B' sectors, an annual efficiency improvement of 2% was adopted, which may be obtained through improved process optimisation, more efficient energy supply, improved efficiency in motor driven systems and lighting and sector-specific measures.
Buildings
The following steps are followed to project the future evolution of energy intensity, i.e. the possible future heat and electricity demand per square metre of living or commercial floor space.
Existing buildings stock
1. All existing buildings will have to be retrofitted by 2050 to ambitious energy efficiency standards. This requires retrofit rates of up to 2.5% of floor area per year, which is high (compared to current practice), yet feasible. 2. For any given retrofit it is assumed that, on average, 60% of the heating requirements are abated by insulating walls, roofs and ground floors, replacing old windows with Non-OECD highly energy efficient windows and by installing ventilation systems with heat recovery mechanisms. 3. A quarter of the remaining heating and hot water need is met by local solar thermal systems and the rest, by heat pumps. 4. Cooling is provided by local, renewable solutions, where possible. 5. Increased electricity needs per floor area due to increased cooling demand, increased use of appliances (per area) and heat pump powering have been partially offset by increasing efficiency.
New building stock 1. Increasingly, new buildings will be built to a 'near zero energy use' standard, reaching a penetration of 100% of new buildings by 2030. 2. The residual heat demand is met by passive solar (radiation through windows) and internal gains (people, appliances), renewable energy systems in the form of solar thermal installations and heat pumps. 3. This building type only requires electric energy. 4. The near zero-energy concept is applied to warm/hot climates, often returning to traditional building approaches. 5. There is a residual cooling demand in warm/hot climates. Increased electricity needs from increased cooling and appliances, as well as the use of heat pumps, have been estimated and included in this scenario.
Transport
The following steps ensure that the scenario employs the most efficient transport modes that have the greatest possible share of renewable energy in the energy supply: 1. Moving to efficient technologies and modes of employment, e.g. trucks with reduced drag, improved air traffic management or reduced fuel needs in hybrid buses. 2. Electrifying the mode as far as possible, e.g. electric cars in urban environments and electric rail systems. 3. Finally, providing the fuel from sustainable biomass, where possible (see next section). 
Noteworthy assumptions are:
• A complete shift to plug-in hybrids and/or electric vehicles as the primary technology choice for light-duty vehicles.
• Long-distance trucks undergoing significant efficiency improvements due to improved material choice, engine technology and aerodynamics, rather than a complete electrification of freight road transport (due to the prohibitive size and weight of batteries required with current technology). Delivery vans covering 'the last mile' are electrified, leading to an electric share estimate of 30% for trucks.
• A (small) share of shipping fuel gradually being replaced by hydrogen, won from renewable electricity. This has been deemed a feasible option because of the centralised refuelling of ships.
Summary
The activity and intensity assumption detailed above lead to the following overall evolution of energy demand (Fig. 2) 
Results -Part 2: Supply

Renewable sources excluding bioenergy
Once total demand has been established, demand must be matched with energy supply.
This scenario is based on the deployment potential shown in Fig. 3 . This is the potential which can be captured at any time, considering technical barriers and ambitious, yet feasible market growth developments. The deployment potential does not necessarily represent the most cost-effective development, i.e. it does not account for market barriers or competition with other sources.
The realisable potential (R.P.) is the fully achievable potential of the resource with a longterm development horizon. [5] , [12] - [29] 
Bioenergy
The scenario incorporates a significant share of sustainable bioenergy supply to meet the remaining demand once other renewable energy options have been employed. The scenario only includes bioenergy supply that is sustainable and leads to high greenhouse gas emission savings in comparison to fossil references. The complete approach the scenario takes to bioenergy is discussed in a separate publication. [4] 
Results of balancing demand and supply
Following the strict prioritisation of options described in the Methodology section, the overall evolution of energy supply is determined, as shown in Fig. 4 .
Stabilising energy demand, driven by strong energy efficiency, coincides with fast renewable energy supply growth in later years, resulting in an energy system that is 95% sustainably sourced. 
Discussion
The energy scenario we have presented combines the most ambitious efficiency drive with a high-growth of renewable source options to reach a fully sustainable global energy system by 2050. Both sides of the equation are important: the transition to a renewable energy system cannot be achieved on the supply side alone.
This energy scenario examines the feasibility of a fully renewable energy future by taking a bottom-up, physical approach to the energy system. It does not necessarily present the most cost-efficient way of achieving this goal. It is however, insightful to estimate the associated investment and savings of this energy system in comparison to a BAU energy system. This cost study is presented in a separate publication. [5] The key findings are, that upfront investments are estimated at less than 2% of global GDP and the energy system proposed in this scenario would be significantly cheaper to operate than BAU by 2050.
